Objective: To assess the differential response of plasma, lymphocyte and neutrophil vitamin E levels to high-intensity physical activity and to vitamin C and E supplementation. Subjects: In all, 14 male trained amateur runners (32-36 y old) were randomly divided in two groups (supplemented and placebo), and participated in a half marathon race. The subjects did not take any other supplements than the ones provided for this study. Intervention: Vitamin C (152 mg/day) and E (50 mg/day) supplementation was administrated to athletes for a month, using a new almond-based isotonic and energetic beverage (supplemented group). The usual dietary habits of participants were assessed using a self-reported 7-day 24-h recall before the day of the study. To avoid the beverage influence, nonenriched vitamin C and E almond-based isotonic and energetic beverage was given to the placebo group. After 1 month, subjects participated in a half marathon race (21 km run). Vitamin E concentration was determined in plasma, neutrophils and lymphocytes before and immediately after the race, and 3 h after finishing the race. Results: Daily energy intake and caloric profile of supplemented and placebo group were not different except for vitamin C and E supplementation. Vitamin supplementation and exercise had no effect on vitamins E levels in plasma. The exercise significantly (Po0.05) increased the lymphocyte vitamin E concentration both in the placebo ( þ 119%) and supplemented groups ( þ 128%), and neutrophil vitamin E content in the supplemented group ( þ 88%). These levels remained significantly (Po0.05) high after the short recovery. After exercise, vitamin E levels in lymphocytes and neutrophils of supplemented subjects were practically twice the levels before exercise, whereas neutrophil vitamin E content of the placebo group was close to those in plasma. Conclusion: After endurance exercise, lymphocytes increased their vitamin E content in the supplemented and placebo subjects whereas this trend in neutrophils was just observed in the supplemented group. The determination of vitamin E content in lymphocytes and neutrophils after exercise is a useful tool to assess the functional status of vitamin E.
Introduction
Regular physical exercise and training at moderate levels are important factors for disease prevention and healthy aging. However, strenuous exercise as well as any increase in exercise intensity increases the generation of reactive oxygen species (ROS) and lipid peroxidation. Heavy endurance exercise increases the rate of oxygen consumption in humans up to 20-fold, which induces oxidative stress and generates excess oxygen free radicals Clarkson & Thompson, 2000; Packer & Obermüller-Jevic, 2002 ).
The human body contains an elaborate antioxidant defence system that depends on dietary intake of antioxidant vitamins and minerals and the endogenous production of antioxidant compounds. However, it is not completely understood whether the body's natural antioxidant defence system is sufficient to counteract the increased free radical production with exercise or whether additional supplements are needed (Clarkson & Thompson, 2000) . Therefore, the knowledge of antioxidant nutrient handling during exercise may contribute to establish physical exercise benefits as well as the possible need of antioxidant nutrient dietary supplementation for the prevention of exercise-induced oxidative stress (Aguiló et al, 2003) .
It has been pointed out that antioxidant vitamins may prevent exercise-induced oxidative damage (Evans, 2000; Sacheck & Blumberg, 2001) . Synergistic effects have been described between vitamin C and E in the defence against oxidative stress (Packer & Obermüller-Jevic, 2002) . Vitamin E causes a greater increase in circulating creatine kinase activity, perhaps indicating increased skeletal muscle repair (Evans, 2000) . Diet supplementation with vitamins C and E enhances basal neutrophil antioxidant enzymes in athletes . Increasing vitamin C intake diminishes the induction of postexercise oxidative stress and avoids some negative effects on erythrocyte or other tissue integrity (Tauler et al, 2003a) . Vitamin C supplementation facilitates higher neutrophil activation and antioxidant enzyme secretion to extracellular space induced by intense exercise (Tauler et al, 2003b) . These cellular effects of antioxidant vitamins have to be mediated by their uptake from the plasma. However, the vitamin distribution within blood cells remains to be elucidated.
In the scientific arena, there is some controversy about how much antioxidant vitamins are required to avoid suboptimal supply and deficiency (Food and Nutrition Board, 2000; Horwitt, 2001; Traber, 2001 ), or to avoid oxidative damage in persons engaged in physical activity, such as cyclists, runners, and mountain climbers (Packer & Obermüller-Jevic, 2002) . Moreover, it has been pointed out that antioxidant vitamin blood contents reach saturation level by the intake of dietary supplements (Frei & Traber, 2001; Levine et al, 2002) . Antioxidant vitamin plasma levels are the most used parameter to determine the antioxidant status. However, the vitamin plasma levels may not reflect the functional status of vitamins. It has been pointed out that the adipose tissue vitamin E can be used as a measure of vitamin E status (Kayden et al, 1983) . In order to find new biomarkers one would require to determin the functional status of vitamin E in both individuals and populations, specially among sportsmen. Moreover, only a few human studies have examined the interaction of exercise and vitamin E to date (Cannon & Blumberg, 1994; Evans, 2000; Mastaloudis et al, 2004) .
Conflicting results from vitamin E intervention studies suggest supplemental vitamin E malabsorption, but also that bioavailability of vitamin E increases with fat-rich meals (Leonard et al, 2004) . In order to overcome these problems, our laboratory designed a new almond-based isotonic and energetic beverage that enhances the antioxidant vitamin bioavailability ). An intervention study in athletes was performerd using this beverage.
The aim of this work was to assess the differential response of plasma, lymphocyte and neutrophil vitamin E levels to high intensity physical activity and to vitamin C and E diet supplementation.
Subjects and methods

Subjects
In all, 14 male, trained amateur runners voluntarily participated in this study. All the subjects were informed of the purpose of this study and the possible risks involved before giving their written consent to participate. This work was in accordance with the Declaration of Helsinki and was approved by the Bioethical Committee of the University of Balearic Islands (Palma de Mallorca, Balearic Islands, Spain).
Criteria for subject participation Inclusion criteria for participation in the study included nonsmoking status, age 32-36 y, and trained 1471 h/week. The subjects did not take any other dietary supplement containing vitamins E and C, or they discontinued supplements for 1 month prior to the study.
Vitamin C and E supplementation Vitamin C and E supplementation was administrated to athletes for a month, using a new almond-based isotonic and energetic beverage (supplemented group). In order to avoid the beverage influence, nonenriched vitamin C and E almond-based isotonic and energetic beverage was given to a placebo group.
The procedure for obtaining the almond beverage comprised the following stages: (a) bleaching of the almonds; (b) crushing of the almonds in water; (c) centrifuging of the mixture in order to eliminate insoluble materials; (d) addition of orange juice; and (d) sterilization of the mixture. The almond beverage drink was a carbohydrate-electrolyte solution with almond (20 mg vitamin E/100 g) and orange (50 mg vitamin C/100 g) juice in its recipe. It contained 48.3 kcal/100 ml, 203 kJ/100 ml, 1.9% lipids, 6.8% total sugars, 1.0% proteins, 1.8 mg/100 ml calcium, 4.2 mg/ 100 ml magnesium, 12.8 mg/100 ml sodium, 33.7 mg/ 100 ml potassium, 69.7 mg/100 ml iron, and 44.5 mg/100 ml zinc. Nonenriched almond beverage just contains a trace of vitamin E and C (placebo group) due to the loss of antioxidant vitamins during the sterilization of the mixture (UHT treatment). This loss was corrected before final packaging by adding the corresponding nutrients in solid form or as sterile solutions to obtain the enriched almond beverage that contained 10 mg/100 ml vitamin E and 30.4 mg/100 ml vitamin C (supplemented group). The quality of the formula was optimized considering variables such as flavour and acidity by using methods of sensory evaluation. Electrolyte concentrations of the formulated beverage allow it to be characterized as an isotonic beverage (278 mOsm/kg).
Study design
The participants were randomly divided into two groups: supplemented group (n ¼ 7) and placebo group (n ¼ 7). Subjects consumed half a litre of the almond beverage daily for 1 month prior to the test day (the race day). Since supplemented and placebo beverages showed no external and palatable differences, the administration of beverages was done by means of a double-blind procedure. After 1 month, subjects participated in a half marathon race (21 km run). At 2 h prior to the race, all subjects consumed a specific breakfast comprising a sandwich (50 g bread, 25 g turkey or ham, 20 g tomato, 20 g lettuce, 8 g butter), 125 ml of coffee, 125 ml of milk, and water ab libitum. During the race, only water was available for consumption at checkpoints along the racecourse. Except for up to 500 ml of water and up to 1000 ml of their respective almond-based beverage, the subjects were not allowed to consume any food or beverages for 3 h after the race.
Experimental procedure
Venous blood samples were obtained from the antecubital vein of sportsmen in suitable vacutainers with EDTA as anticoagulant. Venous blood samples were obtained from the subjects at 0800 of the race day after 12 h overnight fasted conditions (basal sample), immediately after the race, and 3 h after finishing the race. Since it is well known that the posture (hydrostatic pressure gradients) has impact on the plasma volume after exercise (Mack et al, 1998) , subjects remained seated 0.5-1 h prior to the blood samples collection. Plasma was obtained after centrifugation at 1000 Â g of the blood samples and it was frozen at À201C until analysis. The deep-frozen plasma was thawed and mixed to disperse possible precipitates. Vitamin E concentration was determined in plasma, neutrophils and lymphocytes. The concentration of plasma metabolites was corrected according to the observed haemodilution, calculated from haematocrit.
Lymphocyte and neutrophil purification Lymphocytes and neutrophils from freshly taken blood samples were purified following an adaptation of the Boyum's method (Boyum, 1964) . A known blood volume was centrifuged at 900 Â g, 181C for 30 min after carefully introducing on Ficoll in a proportion of 1.5:1. The lymphocyte layer was carefully removed. The plasma and the organic phase were discarded. The phase at the bottom contained the erythrocytes and neutrophils. The lymphocyte slurry was washed twice with isotonic PBS and centrifuged at 900 Â g, 41C for 10 min. Finally, the cellular precipitate of lymphocytes was lysed with 2 ml of distilled water. Erythrocytes were haemolysed with 50 ml of ammonium chloride 0.15 M at 41C. The suspension was centrifuged at 750 Â g, 41C for 10 min, and then the supernatant was discarded. The neutrophil phase at the bottom was washed first with 40 ml of ammonium chloride 0.15 M and then with 20 ml of PBS. The slurry was centrifuged again as explained above. Finally, neutrophils were lysed with 2 ml of distilled water. Lymphocyte and neutrophil suspensions obtained from a known blood volume were used to determine vitamin E concentration.
Haematological analysis
Haematological parameters, such as haematocrit, and erythrocyte, lymphocyte and neutrophil number, were determined in an automatic flow cytometer analyser Technicon H2 (Bayer) VCS system.
Determination of serum cholesterol
Serum total cholesterol was determined by a colourimetric method using autoanalyzer DAX-72 (Technicon, Bayer). Serum samples were hydrolysed with cholesterol esterase to obtain total cholesterol. 4-Aminoantipirine and cholesterol oxidase reacts with cholesterol to form chinoneimine. The absorbance of chinoneimine was determined at 524 nm (Tietz, 1999) .
Vitamin E determination
Vitamin E (a-tocopherol) was extracted from plasma and cell lysates using n-hexane after deproteinization with ethanol (Brubacher et al, 1996) . Vitamin E concentration was determined by HPLC in the n-hexane extract of plasma and cell lysates after drying in an N 2 current and dissolving in methanol. The mobile phase consisted of 550:370:80 acetonitrile:tetrahydrofuran:H 2 O. The HPLC was a Shimadzu with a diode array detector and the column was a Nova Pak, C18, 3.9 Â 150 mm 2 . Vitamin E was determined at 290 nm. The lymphocyte and neutrophil number obtained from a known blood volume, together with previous data on neutrophil (30.10 À8 ml/neutrophil; Welch et al, 1995) and lymphocyte volume (21.10 À6 ml/lymphocyte; Segel et al, 1981) were used to calculate vitamin E concentration (mM) in lymphocytes and neutrophils. Vitamin E/cholesterol (mmol/mmol) ratio was also calculated.
Dietary intake
To ensure that the observations represent differences due to the almond beverage intake instead of random changes, in particular dietary intake changes, the usual dietary habits of each participant were assessed using a self-reported 7-day Vitamin E levels N Cases et al 24-h recall before the day of the study. A well-trained dietician verified and quantified the food records. All food items consumed were transformed into nutrients using a self-made computerized programme based on the Spanish (Mataix et al, 2003; Moreiras et al, 2003) and European (Feinberg et al, 1995) Food Composition Tables and com- plemented with food composition data available for Majorcan food items (Ripoll, 1992) . The following food characteristics have been used: total energy intake (relative to body mass), percentage of energy from carbohydrates, fats and proteins, and also the dietary intake (relative to body mass) of carbohydrates, fats, proteins, fatty acids (saturated fatty acids SFA, mono-unsaturated fatty acids MUFA, polyunsaturated fatty acids PUFA), cholesterol, fibre, vitamins (A, B 1 , B 2 , B 6 , B 12 , C, D, E, niacin, folic acid) and minerals (sodium, potassium, calcium, phosphorus, magnesium, iron, zinc and iodine).
Statistics
Statistical analyses were performed on SPSS version 10.0. Mean values and s.e.m. are shown. The degree of significance of differences between means was calculated using ANOVA:
The statistical factors analysed were beverage (B), time (T) and interaction of beverage and time (B * T). The sets of data in which there was significant B * T interaction were tested by one-way ANOVA. When significant effects of B or T factor were found, a Student's t-test for unpaired data was used to determine the differences between the groups involved; it was also used to find significant differences between enriched and nonenriched almond beverage groups. Oneway ANOVA was also used to determine differences between the groups involved in the analysis of anthropometric characteristics and daily energy and nutrient intake and caloric profile. Sequential Bonferroni's test was applied to control type-I error (Holm, 1979) . A probability level (P) of significance of Po0.05 was accepted.
Results
The anthropometric characteristics, daily energy intake, caloric profile, and vitamin C and E intake (mean values 7s.e.m.) in the supplemented and placebo groups are shown in Table 1 . Beverage contents were not considered in this analysis. No significant differences were observed between the supplemented and placebo groups. Haematological parameters (mean7s.e.m.) measured before and immediately after the race, and after the short recovery (3 h) in supplemented (vitamin C and E-enriched beverage) and placebo (nonenriched) athletes are shown in Table 2 . After the competition and also after the short recovery, both the placebo and supplemented groups showed an increased leucocyte and neutrophil number. The basal lymphocyte number in the placebo group was significantly higher than in the supplemented group. It has been pointed out that training decreased circulating lym- Vitamin E levels N Cases et al phocytes (Shephard & Shek, 1996) , and the supplementation seems to increase this effect. After the competition, the lymphocyte number decreased significantly in the placebo group, but did not change significantly in the supplemented one. Neither the exercise, nor the supplementation significantly modified the erythrocyte number, but haematocrit decreased slightly after the race and after the short recovery. Table 3 shows plasma, lymphocyte and neutrophil vitamin E concentration (mean values7s.e.m.), expressed per volume of plasma, lymphocyte and neutrophil, respectively. Supplementation and exercise had no effect on vitamin E concentration in plasma. The exercise significantly (Po0.05) increased the lymphocyte vitamin E concentration both in the placebo ( þ 119%) and supplemented groups ( þ 128%), and neutrophil vitamin E content in the supplemented group ( þ 88%). These levels remained significantly (Po0.05) high after the short recovery (lymphocytes: þ 94% in the placebo group, and þ 89% in the supplemented group; neutrophils: þ 88% in the supplemented group). It is interesting to note that after exercise vitamin E levels in lymphocytes and neutrophils of supplemented subjects are practically twice the levels before exercise, whereas neutrophil vitamin E content of the placebo group were close to those in plasma. Lymphocyte vitamin E concentration and lymphocytes/plasma vitamin E ratio after exercise in the supplemented group was significantly higher than in the placebo group. Vitamin E ratios (lymphocytes/plasma, and neutrophils/plasma) clearly show the difference in accumulation of vitamin E by lymphocytes and neutrophils. The supplemented group showed slighty higher values of vitamin E content than the placebo group in lymphocytes, but scarce changes were registered in neutrophils. Figure 1 shows plasma cholesterol (mg/dl) and vitamin E/ cholesterol (mmol/mmol) ratio in the supplemented and placebo groups. Cholesterol levels in the supplemented group were lower than in the placebo group, whereas vitamin E/cholesterol ratios in the supplemented group were higher (30%) than in the placebo group. No significant effects after exercise or short recovery were observed.
The contribution of neutrophils and lymphocytes to vitamin E blood content is of low importance. Most of the vitamin E blood content came from plasma (data not shown, calculated from plasma, lymphocyte and neutrophil vitamin E content).
Discussion
Physical exercise induces a transient redistribution of immunocompetent cells in the body (Hansen et al, 1991;  Figure 1 Plasma cholesterol (mg/dl) and vitamin E/cholesterol (mmol/mmol) ratio (mean values7s.e.m.) measured before and immediately after the race, and 3 h after the finish of the race (recovery) in the supplemented (enriched beverage) and placebo (nonenriched) groups (S): Significant effects of supplementation (Po0.001, two-way ANOVA). # Significant differences between the supplemented and placebo groups (Student's t-test for unpaired data, Po0.05).
Vitamin E levels N Cases et al Shinkai et al, 1992) . After a duathlon competition, we found great neutrophilia and important lymphopenia, which were maintained after a short recovery (Tauler et al, 2003b) . These results have been replicated in the present study, although the physical activity intensity, duration and completion time in a half-marathon are lower than in a duathlon, that is, the half-marathonians of our study ran 21 km in 1.3 h (see Table 1 ) whereas duathletes ran 10 km, rode a bicycle 40 km, and ran another 5 km in 2.5 h.
Circulating leucocytes represent a population of cells on their way towards participation in ongoing tissue surveillance, repair and adaptation. Exercise induces neutrophil priming for oxidative activity (Suzuki et al, 1999) . The activated neutrophil presents increased capabilities to synthesize ROS (Verhoef & Visser, 1999) , but this increased oxidative activity can compromise host defences through auto-oxidative inhibition of neutrophil functions and inhibition of lymphocyte and natural killer cell activity (Cannon & Blumberg, 1994) . The machinery to prevent auto-oxidative processes involves activity of antioxidant enzymes, glutathione, and vitamins C and E (Clarkson & Thompson, 2000) .
The data presented here describe vitamin E content in plasma, lymphocytes and neutrophils of sportsmen prior to and after intense physical exercise, a half-marathon, as well as after a short (3 h) recovery period, in supplemented and nonsupplemented athletes. The recommended dietary intakes (RDI) (Horwitt, 2001) for vitamin E are just covered in nonsupplemented athletes, and widely covered in supplemented athletes.
Vitamin E concentrations in plasma, lymphocytes and neutrophils were higher than 23 mmol/l, and vitamin E/ cholesterol ratio in plasma was higher than 5.5 mmol/mmol (see Figure 1 ). These findings are in agreement with those of previous authors (Ford & Sowell, 1999; Lenton et al, 2000; Olmedilla et al, 2001) , and show that the studied subjects widely covered the lowest acceptable vitamin E level in plasma (11.6 mmol/l) and vitamin E/cholesterol ratio (2.25 mmol/mmol) (Scientific Committee for Food of the European Community, 1993). Furthermore, the higher vitamin E/cholesterol ratio in plasma registered in supplemented subjects is due to the low cholesterol plasma levels observed in these subjects. These findings agree with previous results demonstrating that vitamin E supplementation decreases plasma cholesterol levels (Koul et al, 2003) . Moreover, a previous work from our team pointed out that long term, high intensity exercise did not mobilize cholesterol, but eliminated LDL-cholesterol in well-trained people (Aguiló et al, 2003) .
A differential response of lymphocytes and neutrophils to high intensity physical activity and to vitamin E supplementation was also observed. After endurance exercise, lymphocytes increased their vitamin E content in supplemented and placebo subjects whereas this trend in neutrophils was just observed in the supplemented group. However, vitamin E plasma levels seemed not to be affected by physical activity and vitamin E supplementation.
Plasma a-tocopherol concentrations increase following exercise, and can rise up to three-to four-fold approximately, regardless of duration, dose or frequency of supplementation (Buchman et al, 1998; Traber, 1999; Mastaloudis et al, 2004) . Accordingly, our results showed no significant differences between supplemented and nonsupplemented sportsmen, probably due to the low vitamin E supplementation (the used enriched beverage was designed just to cover approximately 30% RDI), and also because the half-marathon is an endurance physical activity of intensity lower than other strenuous exercises like a duathlon or an ultramarathon. However, a possible cause of the limitation on plasma atocopherol concentrations could be the redistribution of plasma a-tocopherol into tissues, particularly into adipose tissue. Tissue a-tocopherol concentrations probably depend on tocopherol regulatory protein function and tissue lipid content, vitamin E uptake and efflux, oxidative stress, and interactions between vitamin E and other antioxidants (Blatt et al, 2001 ).
As stated above, free radicals may result from mitochondrial leakage, as a consequence of greater oxygen consumption during and post exercise, and because lymphocytes are richer in mitochondria than neutrophils. Then, higher vitamin E content in lymphocytes could be related to the higher presence of mitochondria in these cells. Moreover, several authors have pointed out that vitamin E may prevent oxidative damage induced by ROS during any increased oxidative status (Evans, 2000; Sacheck & Blumberg, 2001; Packer & Obermüller-Jevic, 2002) . Vitamin E supplementation was also shown to be useful in limiting adverse effects of ROS on lymphocytes in vivo (Brennan et al, 2000) . Our findings agree with these previous works, and confirm that lymphocytes accumulate vitamin E in order to prevent autooxidative processes, and therefore maintain their functionality.
Tissue vitamin E concentrations might equilibrate more rapidly in tissues with greater vitamin E uptake, as well as with increased amounts or activity of tocopherol regulatory protein (TRP) (Blatt et al, 2001) . The vitamin E uptake from plasma by lymphocytes still remains unknown, but recently the expression of a-tocopherol transfer protein (a-TTP) in leucocytes has been reported (Misaki et al, 2003) . Therefore, greater vitamin E levels in lymphocytes than in plasma suggest that these cells need a-TTP or other TRP for vitamin E uptake or retention, and this mechanism could be activated as a consequence of intense exercise. The events related to intense exercise, and probably the increased ROS production, might activate vitamin E uptake by lymphocytes, as we can observe with the increased vitamin E lymphocyte/plasma ratio after exercise. Further research will be necessary to clarify the existence of TRP in lymphocytes. However, the response of lymphocytes to intense exercise may also reflect the vitamin E dietary intake or the vitamin E body depots.
Immune blood cells seem to take vitamin E from plasma in order to prevent or to limit oxidative processes due to endurance exercise, and to maintain their functional capacity, but vitamin E plasma content remains practically unaltered in spite of the antioxidant vitamin supplementation. These findings are in agreement with a previous in vitro study performed on human polymorphonuclear cells, that pointed out that incubation of neutrophils and monocytes with vitamin C caused a significant increase in the cellular phagocytic capacity, but did not affect the number of cells capable for phagocytosis, whereas incubation with vitamin E did not modify phagocytic capacity (Bergman et al, 2004) . These results, although observed in vitro and in other cells, and our findings may be of importance to show that antioxidant vitamins exert a protective effect to oxidative stress on human cells, but also that the intense exercise promotes mechanisms to accumulate antioxidant vitamins into cells sensitive to effects of reactive oxygen species (ROS).
Furthermore, low plasma vitamin E content together with high immune blood cell vitamin E content represent the vitamin E redistribution from plasma into tissues. The adipose tissue content of vitamin E has been used as a measure of vitamin E status (Kayden et al, 1983) . Our findings suggest that the determination of vitamin E content in lymphocytes and neutrophils after exercise is a useful tool to assess the functional status of vitamin E in both individuals and populations, specially among sportsmen.
